ABSTRACT: Inflammation is a hallmark of many human diseases, including pain, arthritis, atherosclerosis, obesity and diabetes, cancer, and neurodegenerative diseases. Although there are several successfully marketed small molecules antiinflammatory drugs such as cyclooxygenase inhibitors and glucocorticoids, many of these compounds are also associated with various adverse cardiovascular or immunosuppressive side effects. Thus, identifying novel anti-inflammatory small molecules and their targets is critical for developing safer and more effective next-generation treatment strategies for inflammatory diseases. Here, we have conducted a chemical genetics screen to identify small molecules that suppress the release of the inflammatory cytokine TNFα from stimulated macrophages. We have used an enzyme class-directed chemical library for our screening efforts to facilitate subsequent target identification using activity-based protein profiling (ABPP). Using this strategy, we have found that KIAA1363 is a novel target for lowering key pro-inflammatory cytokines through affecting key ether lipid metabolism pathways. Our study highlights the application of combining chemical genetics with chemoproteomic and metabolomic approaches toward identifying and characterizing anti-inflammatory smal molecules and their targets.
I
nflammation is normal defense mechanism against infection or tissue injury. However, chronic or nonresolving inflammation can lead to a wide range of pathologies including cancer, neurodegenerative diseases, and diabetes. 1−4 Many biochemical pathways have been implicated in driving or suppressing the inflammatory response. Examples include proinflammatory prostaglandins and anti-inflammatory resolvins, glucocorticoids, and endocannabinoid signaling molecules. 5−8 These metabolites are controlled by their biosynthesizing and degrading enzymes, and exerting control over these biochemical pathways holds great promise for the treatment of inflammation and associated complex diseases. A prominent example is the nonsteroidal anti-inflammatory drugs (NSAIDs) (e.g., aspirin and ibuprofen) that target cyclooxygenases (COXs) and are clinically used for pain, inflammation, and arthritis but have been shown in mouse models to be protective against neurodegenerative diseases, diabetes, and cancer. 2,9−13 However, many of these agents also show negative effects that prevent long-term usage that would be necessary for these complex diseases (e.g., cardiovascular or gastrointestinal side effects with COX inhibitors). 13 It is therefore critical to gain a deeper understanding into the metabolic pathways that underlie inflammation.
Chemical genetics represents a powerful approach toward discovery of novel and effective small molecules for treatment of complex diseases. 14 Unlike the traditional, target-based screen that relies on a predefined, sometimes poorly validated target, a chemical genetics-based phenotypic screen efficiently interrogates entire metabolic or molecular signaling pathways in an unbiased manner for the most drug-sensitive node. However, the single most significant impediment associated with this approach is the identification of the targets of the most efficacious small molecules. 14 To address this challenge, we have combined a chemical genetic screen for identifying pro-inflammatory cytokine-lowering small molecules with chemoproteomic and metabolomic platforms to enable straightforward identification of lead compounds, their targets, and their mechanisms.
Here, we performed a chemical genetics screen using a serine hydrolase-directed inhibitor library in macrophages to discover new anti-inflammatory small molecules. We coupled this with a functional chemoproteomics platform to identify their biological targets and used metabolomic approaches to characterize the mechanism of anti-inflammatory action. Using this pipeline, we have identified that the serine hydrolase KIAA1363 is a novel anti-inflammatory target and that KIAA1363-selective inhibitors lower key pro-inflammatory cytokines through modulating ether lipid signaling pathways. (A) We screened a library of small molecules based on known serine hydrolase inhibitor scaffolds: carbamates, phosphonates, and triazole ureas. R groups represent diversification points on the small molecules. (B) We screened 120 compounds for agents that lower LPS-induced TNFα secretion from THP1 monocytes. THP1 cells were pretreated with each inhibitor (5 μM) in serum-free RPMI for 1 h before stimulating with LPS (2 μg/mL) for 6 h. TNFα levels in media were then assayed by ELISA. Data are displayed as a percent of vehicle-treated, LPS-stimulated controls. (C) Shown are structures of the 12 small molecules that decreased LPS-stimulated TNFα secretion by greater than 50%. (D) We next counterscreened the top 12 compounds to identify agents that also lowered TNFα in primary mouse bone marrow-derived macrophages (BMDMs). BMDMs were preincubated with inhibitor (5 μM) in serum-free DMEM for 1 h before stimulating with LPS (100 ng/mL) for 6 h. The conditioned medium was assayed for TNFα levels by ELISA. (E) We also counterscreened the lead compounds for cytotoxic agents by performing a cell survival assay using ■ RESULTS AND DISCUSSION Chemical Genetics Screen for Serine Hydrolase Inhibitors that Lower TNFα Release in Macrophages Reveals a Lead Anti-Inflammatory Compound. For our chemical genetics screening strategy, we chose to focus on a small molecule library directed toward the serine hydrolase superfamily, because several members of this enzyme class have previously been implicated in inflammation, including PLA2G4A, MGLL, and PLA2G7. 15 Serine hydrolases make up a large class of metabolic enzymes, which include lipases, esterases, hydrolases, proteases, and peptidases, that serve vital (patho)physiological functions in numerous biological processes. 15 Previous studies have shown that the carbamate, phosphonate, and triazole urea chemotypes are optimal for covalent inhibition of serine hydrolases ( Figure 1A) . 16−18 With diversification of substituents, many studies have shown that selectivity can be attained for specific members of the serine hydrolase class. 16−20 We screened a library of 120 compounds to identify small molecules that inhibited lipopolysaccharide (LPS)-induced tumor necrosis factor-alpha (TNFα) secretion from the THP1 human monocyte cell line ( Figure 1B and Supporting Information Table 1 ). This compound library consisted of carbamates, phosphonates, and triazole ureas obtained from the Cravatt and Casida laboratories from previous studies as well as several newly synthesized compounds. 17,18,21−23 Among the compounds tested, we identified 12 inhibitors that lowered LPS-induced TNFα secretion in THP1 cells by >50% ( Figure  1B ,C). Although we used THP1 cells for our initial screening efforts, this cell line may not be representative of primary macrophages. We thus performed a counterscreen to identify those inhibitors that also lowered LPS-induced TNFα secretion from primary mouse bone marrow-derived macrophages (BMDMs). Although most of the 12 initial leads significantly lowered TNFα levels, only two of the compounds showed >50% decreases in LPS-stimulated TNFα secretion in this cell type: WWL107 and WWL115 ( Figure 1D ). To eliminate any compounds that may be lowering TNFα due to cytotoxicity, we also performed a cell survival counterscreen and found that WWL107 significantly impaired cell viability, leaving WWL115 as our lead compound for further study ( Figure 1E ). We show that WWL115 lowers LPS-induced TNFα release in BMDMs in a dose-dependent manner ( Figure 1F ).
Chemoproteomic Analysis of WWL115 Reveals Five Significantly Inhibited Serine Hydrolases. Our chemical genetics screen in both THP1 and BMDMs revealed WWL115 as a promising lead anti-inflammatory compound. We next wanted to identify the targets of WWL115 in BMDMs to determine the serine hydrolase(s) responsible for its inflammatory cytokine-lowering effects. To achieve this, we used a chemoproteomic strategy termed activity-based protein profiling (ABPP), a technology that uses active site-directed chemical probes to directly assess the activities of large numbers of enzymes in complex proteomes. 24−26 Small molecule inhibitors can be competed against activity-based probe binding to enzymes, thus enabling identification of functionally inhibited targets of lead compounds that arise from chemical genetic screens (Figure 2A) . 25, 27, 28 Here, we used a competitive ABPP platform using the serine hydrolase activity-based probe, fluorophosphonate-biotin (FP-biotin), to identify the serine hydrolase targets inhibited in situ in BMDMs by WWL115. We treated BMDMs with vehicle or WWL115 and subsequently labeled cell lysates with FP-biotin, followed by avidinenrichment, trypsinization, and analysis of tryptic peptides by multidimensional protein identification technology (ABPPMudPIT). Inhibited targets manifested as loss of spectral counts compared with vehicle treatment. Among the 36 serine hydrolases enriched by our activity-based probe, we found 5 lipases that were significantly inhibited by WWL115: KIAA1363, PLA2G15, MGLL, PNPLA6, and LIPE ( Figure  2B ).
Characterizing KIAA1363 as a Novel Anti-Cytokine Target in BMDMs. Among the 5 targets identified for WWL115, KIAA1363 was the most abundant serine hydrolase in BMDMs. Chang et al. recently developed a highly selective KIAA1363 inhibitor JW480 that irreversibly inhibited this enzyme both in situ in cancer cells and in vivo in mice. 19 To confirm target occupancy and selectivity of this inhibitor in macrophages, we treated BMDMs with JW480 and assessed the selectivity of this inhibitor by competitive ABPP using both FPrhodamine and FP-biotin for gel-based fluorescence and ABPPMudPIT analysis, respectively. We confirmed that JW480 was highly selective in BMDMs and inhibited only KIAA1363 among all detectable serine hydrolase activities ( Figure 3A) .
We next tested whether JW480 could recapitulate the TNFα-lowering effects of WWL115. We find that JW480 significantly lowers LPS-induced TNFα secretion from BMDMs in a doseresponsive manner to levels comparable to those observed with WWL115, indicating that KIAA1363 was largely responsible for the TNFα-lowering effects of this compound. We also show that KIAA1363 inhibition by JW480 selectively impairs certain inflammatory cytokines in addition to TNFα, including interleukin-12 (IL12) and granulocyte macrophage colonystimulating factor (GM-CSF), without affecting other inflammatory cytokines such as IL1α, IL6, and granulocyte stimulating factor (G-CSF). We also tested the contribution of MGLL using the selective MGLL inhibitor JZL184 because MGLL inhibitors have been shown to elicit anti-inflammatory effects in specific paradigms. We find that MGLL inhibition by JZL184 has no effect in lowering LPS-induced TNFα secretion in BMDMs (Supporting Information Figure 1 ).
While we show here that KIAA1363 inhibition is a unique and novel strategy for lowering key LPS-induced proinflammatory cytokine levels, we cannot rule out the contribution of the remaining three targets, PLA2G15, For experiments in panels A−C, BMDMs were preincubated for 1 h with JW480 at the indicated concentrations. After stimulation with LPS (100 ng/mL) for 6 h, cells were harvested for ABPP analysis, and media was analyzed for secreted TNFα levels by ELISA. Data are presented as mean ± SEM; n = 3−4/group. Significance is presented as *p < 0.05, comparing inhibitor-treated groups to vehicle-treated, LPS-stimulated controls.
PNPLA6, and LIPE. We attempted to knockdown the expression of these enzymes using RNA interference approaches, but we could not achieve sufficient knockdown in BMDMs, and there are a lack of selective pharmacological tools for interrogating the remaining enzymes (data not shown). Nonetheless, LIPE (hormone-sensitive lipase) blockade has been linked to sterility, and PNPLA6 (also known as neuropathy target esterase) blockade causes peripheral neuropathy and demyelination, thus precluding these enzymes as potential therapeutic targets. 29, 30 PLA2G15 may be of interest since other phospholipase A2 enzymes have been shown to be anti-inflammatory targets. Metabolomic Profiling Reveals Key Anti-Inflammatory Lipids Regulated by KIAA1363 in BMDMs. We next used untargeted and targeted liquid chromatography−mass spectrometry (LC−MS)-based metabolomic platforms to investigate the mechanism through which KIAA1363 blockade lowered LPS-induced TNFα release from BMDMs. KIAA1363 was previously characterized as a serine hydrolase that deacetylates the ether lipid 2-acetyl monoalkylglycerol ether (2-acetyl-MAGe or C16:0e/C2:0 MAGe), the penultimate precursor in the de novo biosynthesis of platelet activating factor (PAF), to the product monoalkylglycerol ether (MAGe) ( Figure 4A) . 31, 32 Consistent with its role, we show that in situ treatment of BMDMs with JW480 inhibits d 4 -2-acetylMAGe hydrolytic activity in BMDMs ( Figure 4B ).
Since KIAA1363 is a deacetylase of an ether lipid, we focused our metabolomic profiling efforts on lipid metabolites. We used single-reaction monitoring (SRM)-based targeted approaches to measure >100 lipid metabolites encompassing phospholipids, neutral lipids, sphingolipids, ether lipids, fatty acids, and eicosanoids. We also used untargeted metabolomic methods to profile the levels of an additional ∼6000 ions and used XCMSOnline to identify any significantly altered metabolites. Combining targeted and untargeted metabolomic data, we found the levels of 35 lipids to be significantly changed upon KIAA1363 inhibition with JW480 in BMDMs ( Figure 4C −E and Supporting Information Table 2 ).
While we did not observe changes in 2-acetyl MAGe levels, KIAA1363 blockade reduced MAGe levels and increased the levels of multiple LPCe (also known as lyso-PAF), LPCp, and LPAe species, suggesting that these ether lipid species may be downstream metabolic products of 2-acetyl MAGe and PAF rather than downstream of MAGe. Consistent with this premise, d 4 -2-acetyl-MAGe isotopic incorporation studies in BMDMs revealed reduced d 4 -incorporation into MAGe and increased d 4 -incorporation into LPCe (lyso-PAF) and LPAe ( Figure 4F ). These results are in contrast to previous studies in cancer cells showing that LPCe and LPAe were downstream of MAGe metabolism. We also identified changes in multiple other ether lipid species including phosphatidylcholineplasmalogen (PCp), phosphatidylinositol-ether (PIe), and phosphatidylglycerol-ether (PGe), likely due to network wide alterations stemming from 2-acetyl MAGe or MAGe metabolism. Interestingly, we also observed changes in additional lipid metabolism pathways including neutral lipids monoacylglycerols (MAG) and diacylglycerols (DAG), free fatty acids (FFA), N-acyl ethanolamines (NAEs), and phospholipids phosphatidyl ethanolamine (PE), phosphatidic acids (PA), phosphatidyl inositols (PI), lysophosphatidylcholines (LPC), lysophosphatidylethanolamine (LPE), and lysophosphatidylserines (LPS), lysophosphatidylinositols (LPI), sphingolipids ceramide, and sphingosine, indicating that KIAA1363 may directly or indirectly regulate broader metabolic pathways in lipid metabolism ( Figure 4C−E) .
We next wanted to determine whether these changes in specific lipid species might be driving the TNFα-lowering effects observed upon KIAA1363 inhibition. We screened representative lipid species altered by JW480 treatment for TNFα-lowering effects and found that LPCe, LPAe, and C20:4 FFA significantly reduced LPS-induced TNFα secretion in macrophages ( Figure 5A ). Although the specific receptor for LPCe is unknown, LPAe is known to stimulate LPA receptors, and C20:4 FFA is an agonist of the peroxisome proliferatoractivated receptor-γ (PPARγ). 33, 34 We show that the TNFα-lowering effects of JW480 are partially reversed by treatment with an LPA receptor antagonist but not by a PPARγ or PAF receptor antagonist, indicating that enhanced LPAe and LPA receptor signaling may be responsible for the JW480 effects ( Figure 5B) .
Collectively, our results show that KIAA1363 may serve as a unique metabolic node between ether lipids and other signaling lipids to drive the inflammatory response in macrophages.
Conclusions. Here, we have coupled an enzyme classdirected chemical genetics screen with ABPP platforms to identify pro-inflammatory cytokine-lowering compounds and their targets in stimulated macrophages. Using this strategy, we identified KIAA1363 and its inhibitors as a novel metabolic target that influences LPS-stimulated TNFα release. Through metabolomic profiling, we further revealed that KIAA1363 modulates inflammatory cytokine release in part through affecting LPAe and potentially other ether lipid pathways. This enzyme has also been shown to be important in driving aggressive features of cancer cells. KIAA1363 blockade in cancer cells leads to a reduction in the levels of LPAe, which leads to reduced motility and tumor growth. In cancer cells, LPAe is downstream of the KIAA1363 product MAGe, whereas our studies in BMDMs suggest that LPAe is downstream of LPCe, a metabolite arising from PAF hydrolysis. 31 Thus, our data indicate that the KIAA1363−ether lipid pathway may be wired differently in these two different contexts. Holly et al. also discovered that KIAA1363 regulates platelet aggregation, thrombus growth, RAP1 and PKC activation, ether lipid metabolism, and fibrinogen binding to platelets and megakaryocytes. 28 Thus, KIAA1363 inhibitors potentially possess multiple biological activities through manipulating ether lipid signaling pathways and show multiple potential therapeutic avenues.
Our study underscores the utility of combining chemical genetics with chemical systems biology platforms such as ABPP and functional metabolomic profiling toward identifying and characterizing anti-inflammatory small molecules and their targets.
■ METHODS
Materials. The THP1 cell line was purchased from ATCC. Mouse colony stimulating factor (M-CSF) was purchased from Cell Signaling Technologies. d 4 -PAF was purchased from Cayman Chemical. Internal standards and metabolite standards were purchased from Sigma, Cayman Chemicals, or Avanti Polar Lipids. The carbamate, phosphonate, and triazole urea inhibitors were obtained from Professor Benjamin Cravatt at The Scripps Research Institute and Professor John Casida at the University of California, Berkeley, or were synthesized. The synthesis and characterization of the materials obtained from the Cravatt and Casida laboratories are described previously. 17,18,21−23 Synthetic methods and characterization of lead compounds that were synthesized in our lab are described in Supporting Information Methods. The KIAA1363 inhibitor JW480 was purchased from Cayman Chemicals. FP-biotin was synthesized as previously described. 35 Cell Culture Conditions. THP1 cells were cultured in RPMI supplemented with 10% FBS, L-glutamine, and β-mercaptoethanol and maintained in a humidified incubator at 37°C in an atmosphere of 5% CO 2 . BMDMs were cultured in DMEM supplemented with 10% FBS, L-glutamine, and 20 ng/mL M-CSF and maintained in a humidified incubator at 37°C in an atmosphere of 8% CO 2 .
Isolation of Murine Bone Marrow-Derived Macrophages. Bone marrow was isolated from the femurs and tibias of male C57BL/ 6 mice (10−12 week) using a mortar and pestle in complete media containing DMEM supplemented with 10% FBS, L-glutamine, and 20 ng/mL M-CSF. Particulate matter was removed by slow-speed centrifugation. Bone marrow cells were then pelleted by centrifugation, resuspended, and plated in complete media on nontreated plastic. Medium was replaced every 2−3 days. On day 7, adherent cells were washed and incubated at 4°C for 20 min. Cells were gently scraped, isolated by centrifugation, counted, and plated for experiments.
Cytokine Quantification. THP-1 (10 6 /well) or BMDMs (100 000−200 000 cells/well in 24-well plates) were plated. Cells were switched to serum-free media, and inhibitors, lipids, and/or antagonists were added for 1 h. After stimulation with 100 ng/mL LPS for 6 h, media was collected, and TNFα levels were quantified by ELISA per the manufacturer's instructions (Qiagen).
Survival Assays. Cell survival analysis was performed using the Hoechst 33342 nuclear stain (Invitrogen). Briefly, 20 000 cells were seeded into 96-well plates in a volume of 100 μL for 0, 24, and 48 h in the presence of inhibitors in serum-free DMEM. Cells were washed, fixed, and stained according to the manufacturer's protocol. Plates were scanned using the fluorescence excitation/emission wavelengths for Hoechst 33342 (350 and 461 nm, respectively). 32 Completion of the reaction was confirmed by LC−MS. The product was extracted in 2:1 chloroform/ methanol, and the organic layer was dried under N 2 and resuspended in 2:1 chloroform/methanol to the desired concentration.
KIAA1363 Activity Assays. BMDMs were treated with JW480 (5 μM in DMSO) or DMSO for 4 h. BMDM cell lysates (25 μg) were incubated with d 4 -2-acetyl MAGe (100 μM final concentration) for 30 min at RT in PBS (200 μL total volume). To quench the reaction, 1:1 ethyl acetate/hexanes was added (600 μL), followed by vortexing and addition of internal standards. After centrifugation, the organic layer was removed for analysis of d 4 -MAGe formation by LC−MS.
Lipidomic Profiling of Macrophages. BMDMs were plated (3 × 10 6 cell/well of 6-well plate) and allowed to adhere overnight. Cells were washed with PBS, switched to serum-free media containing JW480 (5 μM) or DMSO control for 1 h, and then stimulated with LPS (100 ng/mL) for 6 h. Cells were washed with PBS, harvested by scraping, and isolated by centrifugation. Cell pellets were flash-frozen and stored at −80°until extraction.
Nonpolar lipid metabolites were extracted and analyzed by targeted and untargeted metabolomic methods using previously described procedures. 36, 37 Briefly, lipid metabolites were extracted in a 2:1:1 chloroform/methanol/PBS with addition of internal standards C12:0 dodecylglycerol (10 nmol) and pentadecanoic acid (10 nmol). Organic and aqueous layers were separated by centrifugation at 1000g for 5 min, and the organic layer was collected. The aqueous layer was acidified by the addition of 0.1% formic acid followed by the addition of 2 mL chloroform, vortexing, and centrifugation. The organic layers were combined, dried under N 2 , and resuspended in 120 μL of chloroform. An aliquot (10 μL) was analyzed by single-reaction monitoring (SRM)-based LC−MS/MS. LC separation was achieved with a Luna reverse-phase C5 column (Phenomenex). Mobile phase A was composed of 95:5 water/methanol, and mobile phase B consisted of 60:35:5 isopropanol/methanol/water. Solvent modifiers 0.1% formic acid with 5 mM ammonium formate and 0.1% ammonium hydroxide were used to assist ion formation and to improve the LC resolution in both positive and negative ionization modes, respectively. The flow rate for each run started at 0.1 mL/min for 5 min to alleviate backpressure associated with injecting chloroform. The gradient started at 0% B and increased linearly to 100% B over the course of 45 min with a flow rate of 0.4 mL/min, followed by an isocratic gradient of 100% B for 17 min at 0.5 mL/min before equilibrating for 8 min at 0% B with a flow rate of 0.5 mL/min.
MS analysis was performed with an electrospray ionization sourse (ESI) on an Agilent 6430 QQQ LC−MS/MS. Lipid metabolites were quantified by SRM of the precursor to product ion transition at associated collision energies as previously described. 36, 37 Quantification was achieved by integrating the area under the peak and expressed as a percent of control after normalizing to the internal standard.
ABPP Analysis of Macrophages. For gel-based ABPP experiments, BMDMs were treated with inhibitor (5 μM in DMSO) or DMSO control for 4 h, harvested by scraping, and pelleted by centrifugation. BMDM cell lysate proteomes (50 μg) were labeled with FP-rhodamine (2 μM) for 30 min at RT, quenched with 4× SDS/ PAGE loading buffer, heated at 95°C for 5 min, and separated by 10% SDS/PAGE as previously described. Gels were scanned using a Typhoon flatbed fluorescence scanner (GE Healthcare).
ABPP-MudPIT analysis was performed using previously established methods. BMDMs were treated with inhibitor (5 μM in DMSO) or DMSO control for 4 h, harvested by scraping, and pelleted by centrifugation. Briefly, BMDM proteome (1 mg) was labeled with FPbiotin (5 μM) in 1 mL PBS for 1 h, solubilized in 1% Triton X-100 for 1 h, and denatured. Labeled enzymes were enriched using avidin beads, reduced, alkylated, and trypsinized as previously described. 38 Tryptic peptides were loaded on to a strong cation exchange/reversephase capillary column and analyzed by two-dimensional LC−LC− MS/MS, also known as multidimensional protein identification technology (MudPIT), as previously described. 38 Resulting MS 2 datafiles were then analyzed by Integrated Proteomics Pipeline. d 4 -2-Acetyl MAGe Isotopic Labeling. BMDMs (2 × 10 6 cells) were plated and allowed to adhere overnight. Cells were pretreated in serum-free media with JW480 (5 μM in DMSO) or DMSO control for 1 h and then stimulated with LPS (100 ng/mL) and d 4 -2-acetyl MAGe (10 μM) for 15 min. Cells were washed, scraped on ice, and immediately extracted in 2:1 chloroform/methanol as described above. Isotopic incorporation was detected and quantified using targeted LC−MS using SRM transitions based on previously derived optimized transitions of nonisotopic standards.
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